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Abstract: Mg-6%Al1-5%Pb and Mg-6%Al1-5%Pb-0.55%Zn-0.22%Mn (mass fraction) alloys were prepared by induction melting
with the protection of argon. The corrosion behaviors of these alloys were studied by electrochemical measurements and immersion
tests. The results show that at the corrosion onset of Mg-Al-Pb anode there is an incubation period that can be shortened with
0.55%Zn and 0.22%Mn additions in the magnesium matrix. The corrosion rate of Mg-Al-Pb anode is mainly determined by the
incubation period. Short incubation period always leads to high corrosion rate while long incubation period leads to low corrosion
rate. The corrosion rates based on the corrosion current density by the electrochemical measurements do not agree with the

measurements evaluated from the evolved hydrogen volume.
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1 Introduction

Because of the rapid activation, high cell voltage,
wide voltage range, high power density capability,
relatively low density, low electrode potential and long
unactivated storage life[1—4], magnesium alloys have
been developed as anode materials used in seawater
battery system and cathodic protection such as in
sonobuoys, beacons, emergency equipment, balloon
batteries and life jackets[5S—8]. However, a critical
limitation for the service of magnesium anodes is their
susceptibility to corrosion[9—11].

The corrosion process of magnesium anodes is
mainly controlled by the composition of the a-Mg matrix,
the volume fraction and the morphology of the second
phase[12—13]. AP65 Mg alloy is one of these magnesium
anodes with the nominal composition of 6% Al, 5% Pb
(mass fraction) and balance Mg. It is reported that
aluminium, added into the magnesium matrix, can
enhance the corrosion resistance of magnesium alloy in
NaCl aqueous solution[12—15]. It has also been
demonstrated that the corrosion resistance of magnesium
alloy can be improved with lead in the magnesium

matrix[16]. UDHAYAN et al[17] studied the corrosion
behavior of AP65 in various concentrations of
magnesium perchlorate solutions and found that its
electrode/electrolyte interfacial process is determined by
an activation-controlled reaction. CAO et al[4] studied
the electrochemical oxidation behaviors of Mg-Li-Al-Ce-
Zn and Mg-Li-Al-Ce-Zn-Mn anodes in NaCl aqueous
solution and found that zinc and manganese can improve
the electrochemical activity of magnesium anode.
Besides, manganese prevented the formation of dense
oxide film on the alloy surface and facilitated peeling off
of the oxidation products. But so far, there are few
reports about the corrosion behavior of AP65 in NaCl
aqueous solution with zinc and manganese in the
magnesium matrix and its behavior of hydrogen
evolution is not clearly understood. The aim of this work
is to study the corrosion behavior of AP65 immersed in
NaCl aqueous solution with and without a small quantity
of zinc and manganese in the magnesium matrix.

2 Experimental

Mg-6%Al1-5%Pb and Mg-6%Al-5%Pb-0.55%Zn-
0.22%Mn alloys (mass fraction) were prepared by ingots
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of pure magnesium (99.99%), pure aluminium (99.99%),
pure lead (99.99%), pure zinc (99.99%) and Mg-22%Mn
(mass fraction) alloy by induction melting at 750 °C with
the protection of argon. The molten metals were poured
into a stainless steel mold and cooled down to ambient
temperature under argon atmosphere. The magnesium
anode specimens were cut from the magnesium alloy
ingots, homogenized at 400 °C for 24 h, water quenched
(in order to obtain the solid solutions) and aged at 200 °C
and 100 °C for 8 h, respectively. All these heat treatment
processes were performed under argon atmosphere. The
microstructures of the magnesium anode specimens were
examined by scanning electron microscopy (SEM) after
preparation by mechanical grinding successively to 1 000
grit SiC paper, polishing successively to 0.5 pm diamond,
washing and drying.

Potentiodynamic polarization curves and open
circuit potential curves were measured by IM6ex
potentiostat with a standard three-electrode glass cell.
started
specimen was immersed in 3.5% (mass fraction) NaCl
aqueous solution at 25 °C. The electrolyte solution was
made with analytical grade reagents and deionized water.
Open circuit potential curves were obtained at the current

Each measurement immediately after the

density of zero and potentiodynamic polarization curves
were obtained at a scan rate of 2 mV/s. Each specimen
for the electrochemical measurement was encapsulated
in epoxy resin with a surface of 10 mmx10 mm exposed
to NaCl aqueous solution. The specimen surface was
ground successively to 1 000 grit SiC paper. A platinum
gauze was used as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. All
potentials were referred to the SCE.

The corrosion behavior of the magnesium anodes
was also researched by immersion tests during which the
specimens were immersed in 3.5% NaCl (mass fraction)
solution at 25 °C for 13 h. Each specimen was
encapsulated in epoxy resin with an exposed surface with
dimension of 10 mmx10 mm. The specimen surface was
ground successively to 1 000 grit SiC paper. The
hydrogen evolved during the immersion test was
collected in a burette above the immersed specimen. The
corrosion rates of the magnesium anodes were evaluated
by measuring the volume of evolved hydrogen.

3 Results and discussion

3.1 Microstructure

Fig.1 shows the SEM images of Mg-6%Al-5%Pb
and Mg-6%Al1-5%Pb-0.55%Zn-0.22%Mn alloys. Their
chemical compositions obtained by atomic absorption
spectrum analysis are listed in Table 1. In this work,

Mg-6%Al-5%Pb alloys are shown as alloy A while
Mg-6%Al1-5%Pb-0.55%2Zn-0.22%Mn alloys are shown
as alloy B. The microstructures of cast specimens of
alloys A and B consist of the primary a-Mg grains and
second phases
boundaries. The distribution of the second phases is
discontinuous. The microstructures of solid solution

distributed along the a-Mg grain

treatment and aged specimens of alloys A and B are
homogeneous, but the volume fractions of the second
phase particles of alloy B are larger than those of alloy A.
The reason might be that after the addition of a small
quantity of zinc and manganese in the magnesium matrix,
the second phase particles are easy to precipitate in the
magnesium matrix during the process of heat treatment.

3.2 Open circuit potential (OCP)

Fig.2 shows the evolution of the open circuit
potentials (OCP) for alloys A and B in different heat
treatment conditions immersed in 3.5% NaCl aqueous
started
immediately after the specimen was immersed in NaCl

solution for 15 min. Each measurement
aqueous solution. These curves reflect the initiation and
propagation of corrosion. At the onset of corrosion there
is an incubation period during which the OCP increases
rapidly to the maximum value, indicating that an oxide
film forms on the surface of the specimen. The
subsequent decrease of the OCP indicates the break-
down of the oxide film with the effect of Cl ions in the
electrolyte solution[9—10, 12, 18]. After the breakdown
of the oxide film the OCP comes into steady state,
indicating the dynamic balance between the advance of
the corrosion and the deposit of the corrosion products.
At steady state the whole specimen surface is corroded.
It can be seen that the incubation periods of the
specimens with the same composition but different heat
treatment conditions are almost the same (Figs.2(a) and
(b)), while the of alloy B
(approximately 200 s) under each heat treatment
shorter than those of alloy A
(approximately 350 s) in the same condition (Figs.2(c)—
(). It can also be seen that the OCP of alloy A in the
steady state are more negative than that of alloy B under

incubation periods

condition are

most heat treatment conditions except for the as-cast
condition (Fig.2(f)). So, it can be concluded that the
corrosion incubation period of the OCP of Mg-Al-Pb
anode is mainly determined by its composition and it can
be shortened with 0.55%Zn and 0.22%Mn additions in
the magnesium matrix.

3.3 Potentiodynamic polarization curves
Fig.3 shows the potentiodynamic polarization curves
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Fig.1 SEM images of alloys A and B in different heat treatment conditions: (a) Alloy A, as-cast; (b) Alloy B, as-cast; (c) Alloy A,
solid solution treated; (d) Alloy B, solid solution treated; (¢) Alloy A, aged at 200 °C; (f) Alloy B, aged at 200 °C; (g) Alloy A, aged at

100 °C; (h) Alloy B, aged at 100 °C

Table 1 Chemical compositions of alloys A and B (mass fraction, %)

Ca Cu Sn P S Mg

Sample Al Pb Zn
A 6.14 5.46 0.045
B 6.11 5.17 0.561

0.018 0.051 0.019 0.028 0.028 Bal.
0.013 0.004 0.001 0.019 0.007 Bal.

of alloys A and B under different heat treatment
conditions immersed in 3.5% NaCl aqueous solution.

Each measurement started immediately after the
specimen was immersed in NaCl aqueous solution.
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Fig.2 Evolution of open circuit potentials (OCP) of alloys A and B in 3.5% NaCl solution at 25 °C: (a) Alloy A; (b) Alloy B; (c) Solid
solution treated alloys; (d) Alloys aged at 200 °C; (e) Alloys aged at 100 °C; (f) As-cast alloys

These polarization curves were used to measure the
corrosion current density J., at the corrosion potential
®corr Dy Tafel extrapolation of the cathodic branch of the
polarization curve. The polarization curves are not
symmetrical in the anodic and cathodic branches. The
rate of current increase in the anodic polarization branch
is much greater than that in the cathodic branch.
According to TAMAR and MANDLER[19], at more

negative potentials than the corrosion potential (@cor),
evolution of hydrogen dominates and results in cathodic
At more positive potentials than @,
magnesium oxidation dominates and the metal is
continuously dissolved with the help of CI" ions, which
can make the oxide film break down. It can be seen that
the differences of the corrosion current densities (Jeor)
among the specimens with the same composition but

current.
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Fig.3 Potentiodynamic polarization curves of alloys A and B measured in 3.5% NaCl solution at 25 °C: (a) Alloy A; (b) Alloy B;
(c) Solid solution treated alloys; (d) Alloys aged at 200 °C; (e) Alloys aged at 100 °C; (f) As-cast alloys

different heat treatment conditions are not distinct
(Figs.3(a) and (b)), while the corrosion current densities
of alloy B in each heat treatment condition are higher
than those of alloy A in the same condition
(Figs.3(c)—(f)). The corrosion current densities (J.o) and
the corrosion potentials (¢..) of all these specimens are
listed in Table 2.

According to ZHAO et al[9, 12], the corrosion
current density is related to the average penetration rate,
Pjmg (mm/a), using

Pj—Mg:22‘85JCO‘T (1)

Table 3 lists the average penetration rate calculated
using Eq.(1). It can be seen that the average penetration
rate of solid solution treated alloy B is the highest while
that of alloy A aged at 100 °C is the lowest. The average
penetration rate can be ranked in a decreasing series: alloy
B, solid solution treated > alloy B, aged at 200 °C > alloy
B, aged at 100 °C > alloy B, as-cast = alloy A, as-cast =
alloy A, solid solution treated > alloy A, aged at 200 °C =
alloy A, aged at 100 °C. So, it can be concluded that
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Table 2 Corrosion potentials (@) and corrosion current
densities (J.or) of alloys A and B under different heat treatment

Table 3 Average penetration rates of alloys A and B under
different heat treatment conditions immersed in 3.5% NaCl

conditions
Sample Deor! V Jeon/(MA-cm™?)

Alloy A, as-cast -1.336 0.121

Alloy A, solid solution treated -1.328 0.116
Alloy A, aged at 200 °C —1.264 0.068
Alloy A, aged at 100 °C —-1.359 0.063
Alloy B, as-cast -1.295 0.164

Alloy B, solid solution treated -1.266 0.794
Alloy B, aged at 200 °C -1.324 0.496
Alloy B, aged at 100 °C -1.321 0.251

the corrosion rate based on the corrosion current density
of Mg-Al-Pb anode is mainly determined by its
composition and it can be increased with 0.55%Zn and
0.22%Mn additions in the magnesium matrix. Besides,
the corrosion rate might be related to the incubation
period of the OCP mentioned above. Long incubation
period always leads to low corrosion rate while short
incubation period leads to high corrosion rate. But, the
corrosion rate of Mg-Al-Pb anode is not determined by
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Alloy A, as-cast 82.04 3.70

Alloy A, solid solution treated 84.23 2.65
Alloy A, aged at 200 °C 60.17 1.55

Alloy A, aged at 100 °C 44.30 1.44

Alloy B, as-cast 99.00 2.76

Alloy B, solid solution treated 148.23 18.14
Alloy B, aged at 200 °C 84.78 11.33

Alloy B, aged at 100 °C 88.61 5.74

its OCP value, and more negative value of the OCP is not
always correlated to higher corrosion rate. This is not
consistent with what ZHAO et al[9] had reported about
the corrosion behavior of ZE41 magnesium alloy in
NaCl solution.

3.4 Hydrogen evolution
Fig.4 shows the hydrogen evolution volume

00 2 4 6 8 10 12 14
Immersion time/h

Fig.4 Hydrogen evolution volume as function of immersion time of alloys A and B immersed in 3.5% NaCl solution for 13 h:
(a) Solid solution treated alloys; (b) Alloys aged at 200 °C; (c) Alloys aged at 100 °C; (d) As-cast alloys
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(mL/cm?), as a function of immersion time (h), of alloys
A and B under different heat treatment conditions
immersed in 3.5% NaCl aqueous solution for 13 h. It can
be seen that there is initially an incubation period during
which the rate of hydrogen evolution is quite low. The
incubation periods of alloy B under each heat treatment
condition are shorter than those of alloy A in the same
condition, which is consistent with the incubation
periods of the OCP mentioned above. Thereafter, the
volume of hydrogen evolution increases with increasing
immersion time, which can be attributed to the corrosion
occurring on increasing corroded surface area of the
specimen[12]. For long time immersion, the rate of
hydrogen evolution becomes linear and the process of
corrosion has achieved steady state. The incubation
period of the hydrogen evolution is much longer than
that of the OCP, indicating that the electrochemical
technique is more sensitive in detecting the onset of
corrosion than the technique based on the hydrogen
evolution[9]. Fig.5 shows the volume of hydrogen
evolution of alloys A and B under each heat treatment
condition after being immersed in 3.5% NaCl solution
for 13 h. It can be seen that the volume of hydrogen
evolution of solid solution treated alloy B is the largest
while that of alloy A aged at 100 °C is the smallest. This
is consistent with the average penetration rate P,
(mm/a) obtained from the corrosion current density. The
volume of hydrogen evolution can be ranked in a
decreasing series: alloy B, solid solution treated > alloy
B, as-cast > alloy B, aged at 100 °C = alloy B, aged at
200 °C = alloy A, solid solution treated ~ alloy A, as-cast
> alloy A, aged at 200 °C > alloy A, aged at 100 °C. This
rank is similar to that of the average penetration rate
obtained from the corrosion current density except for
as-cast alloy B, and alloy B aged at 200 °C. So, it can be
concluded that the volume of hydrogen evolution of

35

m Alloy A
30 = Alloy B

H, evolution volume/(mL-cm™2)
S

As-cast Solid Aged Aged
solution at200°C at 100°C
treated

Fig.5 Volume of hydrogen evolution of alloys A and B
immersed in 3.5% NacCl solution for 13 h

Mg-Al-Pb anode is mainly determined by its
composition and it can be increased with 0.55% Zn and
0.22% Mn additions in the magnesium matrix.

The average rate of hydrogen evolution, v(H,)
(mL-cm *h™"), can be evaluated as

V(H)=V(H,)/(S1) 2

where v(H,) is the volume of hydrogen evolution (mL); S
is the area of specimen surface (cm?); ¢ is the immersion
time (h).

According to ZHAO et al[9, 12], the average rate of
hydrogen evolution v(H,) is related to the average
penetration rate (P, (mm/a)) using

Py, pg =54.696 v(Hy) 3)

Table 3 lists the average penetration rate calculated
using Eq.(1). It can be seen that the average penetration
rate based on the corrosion current density at the free
corrosion potential does not agree with the direct
measurements evaluated from the evolved hydrogen and
it is much higher when estimated from the hydrogen
evolution rate. This is consistent with what ZHAO et al[9,
12] had reported about the corrosion behaviors of AZ31,
AZ91, AM30, AM60 and ZE41 magnesium alloys in
NaCl solution. The reason might be that the corrosion
rate obtained from the corrosion current density may
relate to the onset of corrosion, whereas the corrosion
rate obtained from the hydrogen evolution relates to the
corrosion for a long time after the corrosion onset, when
the steady state is established and the corroded surface
area is enlarged during the long-term immersion[9, 20].

4 Conclusions

1) There is an incubation period in the corrosion
onset of Mg-Al-Pb anode. The incubation period is
mainly determined by alloy composition, and it can be
shortened with 0.55% Zn and 0.22% Mn additions in the
magnesium matrix.

2) The corrosion rate of Mg-Al-Pb anode is mainly
determined by the corrosion incubation period and short
incubation period always leads to high corrosion rate
while long incubation period leads to low corrosion rate.
But the corrosion rate of Mg-Al-Pb anode is not
determined by its OCP value, and more negative value of
the OCP is not always correlated with the higher
corrosion rate.

3) The -electrochemical measurements of the
corrosion rate, based on the corrosion current density at
do not
measurements evaluated from the evolved hydrogen

the corrosion potential, agree with the

volume.
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